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A STUDY OF TEE EFFECTS OF VERTICAL TAIL AREA AND DIHEDRAL

OK THE LATERAL MANEUVERABILITY OF AN AIRPLA~E

By Leo F. Fe h In e r

SUMMARY

A theoretical investigation has been made of the in
fluence of changes in vertical tail area and dihedral
ang I e on the I ate r a I f lyi ng c h a r act e r is tic s 0 f an air-
plane. The lateral motions were computed for nine differ-
ent combinations of vertical tail area and dihedral, cov
ering the range ox" parameters used in the. design of typi
c a 1 air p I a n e s . The mot ion s werei nit i ate d by a i I e ron and
rudder controls, and. consideration was given to various
amounts of yawing moment a c co mpe ny t ng aileron control.

Aileron control was shown to produce better lateral
ID!:l.116UVering t ua n rudder control. With aileron control,
improvements were accomplished by increases in vertical
tail area and decreases in dihedral. The rudder was
effective for enfcrcing sideslip and supplementing the
ailerons,

The possibility is advanaed that favorable lateral
flying c~aracteristics are associated with very short~

period lateral oscillations.

Il~TRODUCTION

I nth e des i g n 0 f a i r-p1an e s , s eve r a I c r i t e rio n s h a v e
been suggested and used for the choice of aerodynamic
derivatives to obtain favorable flying characteristics.
The results of compl~yin6 with different existing criteri...
one for lateral chnracteristics, however, are at variance
as evidenced by the number of airplanes that show widely
different lateral Plying cha r a c t e r La t.Lc s , The present
paper is an endeavor to establish a comprehensive basis
for the choice 0 f lateral ae r o dy nam i c derivatives,
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Lateral flytng qualities are known to be Largely o.e
pendent 011 vert ~cal t e i I area and. dihedral angle but, fo r
making predictions. the nature and tLe magnitude of the
e f f e c t s 0 Z s p e c i f iccha n g e s rem a in t 0 bee0 n s t d ered • Con 
sid era t ion must a l s o Le g i v e n tothe I ate r a leo n t sol s be
cause desirable qualities are, in part at least, dependent
on tho available c o n t ro 1 and the skill with which it must
'be applied.

In the pre sen t s t 11ely, the ref0 r e, the e f f e c t s 0 f de f
inite cna ng e s in vertical tail area and d Lhe d r a L on the
lateral maneu'lerabil:Hy of an airplane are investigated;
co mpnt a t ions are ma.de of the banking, the a z Lmut h , and
t.ne sideslipping motions for 11 hY'90thetical airplane with
three different amounts of vertical tail area and three
settings of dihedral angLe~ The motions were initiated
by rudder control alone and by aileron control with var
t ou s su:o;?leme ..ltary yawing moment s.

Tbe res~lts ~ave been analyzed on the basis of the
attainment of op t t reum La t e r a L flying characteristics with
a minimum of effort. \'i'itb ai10r0"'1 control, for instance"
oo t Lmum attributes of t ae aotions a r e a linear variation
of angle of batik of as large a magnitude as is feasible
witn a ~iven amount of control, tne elimination of adverse
head1ng, and a minimum of SiU0Sliu. The con~rol momelli
re4uired to obtain a given angnla:r dis~lace~ent in a given
time was takes as a measure of control" fcrcs. The data
are presented in a form that should be of aid in making
q~alitative estimates of the lateral flying characteris
tics of conventional airplanes.

METHOD

The analysis of the effect of fi n area and dihedral
on the maneuverability of an airplane was made by a com
parative study of +he lateral motions resulting from the
use of the ailerons and the rudder.

The I ate r a I '110 t 10 n s 0 f the a il'p1 a n e may be 0 b t a i ned
as solations to the lateral equations of motion. These
e q u a t i o us contain terns that are d e p end e n t on the param-
e t e r s: fin ar e a and di he dra 1. Changes in the parameters
effect associated changes in the lateral motions. Motions
fu r everJ combination of these pa r ame t e r s may therefore
be determined.

I
Reproduced Irorn
best available copy_
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The'dimenslQual equations of lateral notion a~e es
sentially lde,ntical with those used in the past a:nvl their
development may be obtained from reference L The,; equa
tfons are as follows:

mk
X

S 0.'0 - pI, - ~Lj) - I'Ll' :::: L I
dt .. Ii !

mz Z
8 <ll:. - plifn p~Tp TNI' = l>j

r
( 1)

dt .l:

g£ rng¢m V .~ - pYp + I'mi'! ::: Y i
elt .J

where the symbols are $tandard as listed on the covers of
RACA reports. In addition

L p
.- £~ J:Tp = £ft. etc.ap ap •

and F = ~

In order conveniently to use aerodynamic data in
standard no nd Lm en s t o na L form and simultaneously to main
tain the original physical significance of the equations,
a consistent nondimensional system was used.

'rhe: £undJaroente.l un i t s 0 f the nondimensional system
may be taken to be

b uni t of length

b/V 'Unit of time

p
SwO unit of mass

2

If length, time. and mass are expressed in terms of the
proper units, there wi 11 result no nd Imen s t o na I quantities
as follows:
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Ie = k
b

s t (2)= bff

lJ. = _..~._-

P. Sw1)
2

J

If t~e dimensional mooent equations are divided

P 8
Sw- V t

2

and :if t.L1B proper substitutions are rsa d e according So
equations (2), t r e no r.d rnen s Lona I equations of lateral
mot Lo n are

- ¢C~
.l.J

where

= Or

(
I
j

C, I

dC1
C

oOn
et c.-- , - a"A-'vD'~ oD¢ up )

It should be notei that

Thus the p a r t La), derivatives 0." , ° , e t e , are half
D¢ nny



the va Lu e of the derivatives C'L ,
p

t"'l
"'n t

- I'
et c ; , where
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etc.

The terms of t.n e right-ha.ad side ofeqtJ.ations (3)
repTes~nt disturbances applied to tn~ system and may be
functions of time o~, no~dimens~onally. functions of the
dista~ce travele4. TLe tY}B of disturbance assumed for
all cases in t n t s st"c.y 19 one that is applied at the
beginring of tne ~otio~ and held constant thereafter.
Snc.l.1. a.istllrbancGs are re'O ..~esen~ed by Ct1( 6) and Cnl(s).
where the co e f f t c i ea t e 0'1, and. On r ep.r e e ent t he magni
tude of the apnlied conpl~s. ~ecause it can be shown
tha'c the "'8eu1+s oota-lned. if t}'e rudder is assumed to ap
plJi' a pu r e mo men t , are a Lt e r e d by a .:.mltiplying factor of
t~e order of O.~07 or l.orS whe~ Cy is taken 4nto ac·
count, C·'T may be assumed to be zero.

EqUations lZ) can no" be solved for tLe variables ¢,
~. a~d ~ ani the solutions as fQDctions of B are the
ba nz.t r.g , sic3eslippiog, ana. a z t nrc t n motions. respectivelY.
T~ e unit so li2t ions are 0 eta Ln e d by the .ne t ho is of oj.e r a
tional calculus in a man~er similar to that outlined in
reference 2 and th~ solutions are of the form

i\..., S...
+ ill e •••

The solutions fur ~ can also be written

( 4)

w~ere tne banking motion ¢t is 2ue to a unit rolling
disturbance, ¢n I s due to,a unit yawing disturbance, and

¢ is t he banking mo t Lon res u It i n g from any combination of
magnit-ades 0 f tt~e two dis turb an c e s,

Likewise,
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and

( 6)

Equations (4:), (5), and (6) express in general terms
the solutions to the lateral equations of motior. For
convenience, however, each so Ln t Lo n may be rewritten in
various forms to demonstrate more clearly certain paints.
Equa t ion (4:), for ins tan c e, may be w r i tt e n

(7)

rl 10wn e r e {JI 1 is t ne mo t t on associated with the app" ication

of a unit rol~irg illome~t and siuul~aneously a yawing mo-
men t Ln t h e 'Aatio 0n/ 01.

Siruilalnly,

41 = w + On
lit°t ·1 Ct n

a nr'

f3
[;37-

Cn
~n07: ::::: +

°i

( 8)

( 9)

Up to tn;s point, onl} motions have been considered
t aa t n8\Tf; been initiated by p r e d e t e rraf ne d disturbances.
It '"8 also possible to study d.isturbances necessary to
perform predetermiued motions.

ThUS, tl~e motion to be p r ed e t e r mt u.ed may be that mo
tion wh i cn results iT' '~1:le angle 0' bank a at the end of
t n e interval so. Sucn a motion is referred to as a

It rnan euv or-" and will be I a be Le d ¢so. Be c au s e ¢ 1, and

0n are s.no wn functions of a, their values at '\;<le end of

the interval So r~aY be determined and ca L'l.ed ¢1, s o and

rAn ' r e sp e c t i vel y • Then , in 0 r d e r t 0 S t 1). dy con t r old i ...
So

rectly, the reciprocal of equation (7) mag n and at
the instant So
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(10 )

T.b.u.s, for any given ma n euv ar and tY'oe of control, the ef
fect of cher_gi:CJ.g vertical tail area- and d Lh ed r-a I on the
magnitude of' the n e c e a aa r y control nay be d e t e r mf.ned ..

.i-l.. consideration of o p t Imum cond.:i.tions for controlled
motions indica·ed that the reaction to control in any case
5.12.01.110 be in s tr i e t accordance wit~l the t n tend ed reactioa.
With resnect to the szi~uth motion, any change in heading
opp o s Lt e to t"lat intended is u i.d e s t r a b l e and such. a reac
tion will be t e r med lI e d v e r s e . 1l

In order +0 st11d~r t . e elimination of an a dv e r s e head
ing, consider tbe ~Jpothetical case in which particular
c o n t r o L apr1in.sti011,S Irevent ary c.na ng e of h e.ad Lng , Then,
equation (2) ~aJ be written

or

,.. 'tr'/,"'n =
01;

..11-
'{In-

( 11)

tion

I

Thus the variation of On/e7, required to prevent a change

of n ea d t ng is determined as~a function of s , The func-

On
07" (5), for Lie cases considered, has positive maxi-

mum vaLue s W~dC.tl Ln d Lca t e that the resulting .neading will
aluays be favorable and not advers~ if control is applied
initially in the ratio on/ o '/, e qua L to or greater than

that maximum determined by t4e function,

In order to d e t e r mt n e the La t e r a L motions following
applied yawing moment alone, equation (4) becomes

¢ ::: On ¢n
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or

( 12)

Ir like rr,anrer, from eQuation (5)

and from erue t t on (6)

p
.L _.
On

ASSJ1£:i1D AIRPLAH.8 CHAiU;.CTERIST res

( 14)

In order to ob t a " n ao Lut i.o n s for ¢, (3, and \Ii that
can be plotted for analytic purposes, numerica~ values of
the stability deiivatives a n d other airplane cha r ac t e r t e...
tics n.us t be de t e r mf.n ed , A pu r su Lb-et y p e airplane mas as
sumed and the weight distribution was t azen as t h e average
of 19 n-od o r-n pu.r su t t a t r-p i an e s , Although of conventional
design and ~eneral dimensiora, the airplane in detail was
as~uIDed to be characterized cniefly by its set of aero
dynamic derivatives.

Pertinent numerical data are as follows: the span
is assumed to be 32 feet, the aspect ratio, 8; the taper
ratio, 2~1; and the sweep angle, 0". Ths lift coefficient
ouring fl ight is a s s nme d to be 1. Beferences 3, 4, and 5
were used for determining representative values of the
stabilitJ-~ derivatives, TLl,Ose derivatives, which are
usually considered essentially incependent of changes in
fin area and dihedral, are as follows:

C ~ -0.5
P

C~ 0.344
r

C :::: -0.0644
np

Reproduced from
hp<l available copy



9

The prirci~al effect of Yarying cihed~al is to change the
amount of ro:ling mo ner t d.ue to s t d e s l t p , Tl:.us

r • de€:. Ct~

0 0

5 -.0'1

10 -.14

where r is tne effective dibedral anglso

Changes in fin a r ea influence the values of certain
stabi:ity derivatives. ramc~y. yawing moment and side
force due to sideslip, and yawing moment due to ;Y$wing.
A... l o.t r.e r effects are considered small. Thus

0.04

.06 .04 ~·.2 64

-0.101

- .151

.10 .12 -.400

_._-~--_._j--------- ~

- .249

It should be noted that a vertical tail area of 4 percent
of the wi.ng area is required to balance tile unstable yaw
ing moment of the fuselage.

In ail, nine combinations of the parameters
sf/Sw. identified as cases by the numbers 1 to

the following table, mere considered:

rand
9 1 n
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8

LO

~~::~r- ~-T:-I-::-
Sw <, I I

--~--~-~--~ ---~----l------ -- --
o 04 I 1 I 4

.06 I 2 J 5

.10 I 3 6

----------- ---: - ------ -- -- _._- -----

Ctner factors t na t enter N',·Lo the numerical c ompu't s,
tfons are

j.;. == 12. kv

AX 0 .lC7

Y.: Z == o. 174

It is also n e c e s s a z-y to determine the magnitude of the
ratios 0n/et to be considered, Wormal ailerons, when so

deflected a s i t o r-roduce a Iositive rolling moment, produce
also a negative (adverse) yawin.g moment. The ratio of yaw-
ing moment to rolling moment for plain flap, 40-percent
span ailerons (assumed for the hypothetical. airplane) is
-0.135 (reference 6). Although La r g e r negative values of
t his rat i 0 may ex i s t with c e r t a ina i I e ron ins tall at ion s ,
the v a Lu e -0,135 has been used as a representative value.
It was exp e c t e d that eliminating the adverse yawing moment
and., possibly, applying favorable Yawing moment would re
sult in more .Favorable lateral motions. The ratios 0 and
0.135 were therefore considered. For the small fi n of the
hypothetical airplane, approximatelY a 10° rudder deflec
tion is required aith full aileron deflection to counteract
the adverse yaw of the ailerons and, in addition, to pro
duce a favorable yawing moment corresponding to the r a t Lo
0.135.

Be oaus e all the numerical factors involved are non
dimensional, the results are directly applicable to all
airplanes geometrically similar to tbe type assumed for
the numerical computations.
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RESULTS ./lND DISC"JSSIOU

Late~al Motions Due to Applied Rolling Moment with

Different Amounts of Accompanying Pawing Moment

lj;he effects of cae.n g e s in d i h e d va L angle and fin area
cen be determinec by co~parative stu1ies of the motions
identified by the nine cases given in the preceding table.
Ji..ttribu.tes that en t e> eu ch comparisons are as follows:
The b&nking rrot1oL determines tne angle of bank attainable
in a given tr;terval of t 1£l1e. T.he azimuth notion deter
mines the magnt t.uc e and tne duration of the a d v e r s e nead
irg, and the sideslip}; ing mot t o n d.e t e mLn e s the angle of
sideslip at any t.ne t er.t , It is co n s Ld e r ed desi-able to
attain ~s large a positive angle of bank as is feasible
with a given positive control rno mcn t , to have the banking
motion as n earLj linear with time as possible, to prevent
acy initial adverse heading and obtain a SUb_equant
linear variatioD of leading afte~ an interval of the order
of 1 or 2 seconds, and to ~eep ire aagle of sideslip at a
minimum. All the fo-egoing attributes must be considered
in determining any pertinent optimum condition.

~ basis for analyzing the various motions having been
establi~hed. consideration must be given tie tJpe of con
trol apy:lication that initiates the motion. It is possi
ble to con sid e r mot io DS initiated by r-o 11 ing momeu t , ya.w
ing moment, or both of these moment sin any co mbi na t i.o n ,
Sucn .9:pplications of rio men t s are considered obtainable by
deflectio~s of the ailerons, the rudder, or both,

T1:le curves of figure 1 represent tne banking motions
0/01, as d e fLn e d by equation (7) for the nine combinations

of parameters and tne three valQes of the ratio e /en 1,.

Tb.8 b a.nk Lng motions following a deflection of the as-
s ume d ailerons, that is, motions following mo men t s applied
in t n e ratio Cn/ C1_ :::; -0.135, are shown in figure lea).
This figure indicates that, for prolonged banz i ng maneuvers
and for each value of dihedral, increases in vertical tail
area produce motions which vary more lineally with time and
are of' greater magn Lt ud e , Thfs variation is due to the
fact that the a.ng Le of sideslip at each instant is simul
taneously reduced and therefore the magnitude of the re
storing rolling moment due to sideslip io also reduced.
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The effects of changes in vertical tail area become less
imp 0 r tan t a s the v e r tic a I t a i I Are a 1. ncr e a s e s • At the
start of the motion, n owev e r , cianges in vertical tail
area have no appreciable effect for all tile values of
d i.n e d r-a L considered. The I-second timing test for aileron
effectiveness is therefore of some advantage. The dihedral
angle, nomever, must be taken into account if comparisons
of the ai'erons of diffe-ent airplanes are to be made.

The curves of figure 2(a) are d e te r-mLr ed by equation
(10) and are reciprocals of tne cross plots of figure 1(8)
at the i:Jstants of 1~ 2, 4, and 10 seconds, i d e n t i f i ed a s
CPl' ,:n 2 , P4' and '~:ll)' Tne cross plots at 1 second, i d e n t i s-

fied as cP l , s ro w again that v e r-t Lc a I tail area in the
ra'1ge covered r.a s bu t little effect in an interval of the
order of' 1 s e co nd , After longer in+ervals • n owev e r , the
ffect of jnc~eesing ve:t1cal tail area is pronounced and

advantageous. For -i"st Lace, wr.en Sf/Sw = 0.08, less
c o rrt r-o I is needed to attain a given angle of 'Dank In 2
seconds than w4 e n sf/s~ = 0.04. This effect is more pro-

nounced for lonser mane~vers and for increased values of
d i h e d r a 1. Bee H 1).set he con t r 0 1st i c k for c e s are d irec t 1.y
proportioral 'to t n e magnitude of t "l.e applied control mo
ments, it is evident from f' t gu r e 2\8/ that increa:3ing ver
tical tail area effects a corresponding decrease in stick
forces.

O.aBuges in vortical tail area in the range covered
also have large effects on the azimuth motion, as shown
by figure 3{a). (Tl~e curves of fig. 3 are determined by
equation (8).) Tlle motions for Sf/Sw = 0.04, for in-
s t an c e, are ne g at i ve for the d ur a t ion 0 f the motion. An
increase in Sf/Sw to 0.06 causes the motion to become
p 0 sit i v e aft era rei a t i vel y 1 o n g i D t e r val 0 f tim e . Fu.r the r
increases in Sf/Sw r e duc e this interval and decrease the

magnitude of tt... e adverse heading. This in i t i a I adverse
haading ~annot be totallY eliminated, ~owever, by any
finite value of Sf/Sw' as is shown by figure 4(a). Fig-

ure 4(a) is a cross plot of the ma x f.mum adverse headings
of f ig'H'e 3,

Tne main effect of Ln.cr e a s t ng vertical tail area on
the sideslipping motion is to decrease the rate at which
sideslip increases. This effect is evident from figure
5(a). The magnitude of the angle 0 f sideslip may there-
fo re be kept small, for any maneuver of the duration con
sidered by increasing vertical tail area.
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The principal effects of changes of v er t i c a l tail
area may be su..nrnE,rized as follows: increases in area cause
more linear banking mot Lon s , reJ"ce the aileron control
forces (or as a correlate, increase aileron effectiveness),
decrease t n e magnitv.de and the duration of 8.dverse heading,
and retard the increase of sideslip, A consideration of
all three Lat e r a I mo t t o n s , f/.J, \I, and p, thus indicates
that desiraole f:ying qualities are associated with appre~

c La b l.e vertical t a i I sizes, as long as the airplane is con
trolled p r eu omt nan t L, by the ailerons.

The ef~ec+s of changes in dihedral angle have yet to
be determined. Figure 1(a) indicates that the dihedral
effect oopo s e s t h e banking motion resulting from aileron
control. in ea c n case. Tnis opp o sl n.g action 'is dependent
upon the mag,.nit:.de of t n e sideslip so that, for banking
mo t Lon s during wn Lc n sideslip is not a Ll e v Lat e d by vertical
tail area, the op po a t t Lo n to the ba nlt I ng maneuver is very
large. In addition, the eo mb Lna t Lo u of a ny a:pprecia'ble di...
h e d r a L and large angles of sideslip associated 't7itl1. small
vertical tail a r ea s c au s e s the La t e r a I oscillation to be
come a v e r; La rj, e p e r c e n t a.g e of t r e total mo t t o n ; that is,
the oscillatory ~ode of tne DanYing ~otion becomes very
large nitn res:~ect to tne ap e r t o d t c modes. Although for
su c n cases a co r.e Ld e r-a t d on of the damping and the period
of tne l~teral osci~lation may indicate desirable motions.
the motions are actually very erratic (for example, cases
4 and 7, fig, 1(a)).

Because the banking motion is diminished by the di
h e d r a I e f f e c t, it i sappar e n t t he.tin c rea s e sin d i h e d r a I
increase the aileron forces necessary to u.erform a gfven
maneuver, 8.S indicated in figure 2(a). It i3 also shown
that, for the smaller values of vertical. tail area, the
initial control moment required to uerform certain maneu
vers becomes 'Tler-:l large. The indication that the neces
sary control a}Y};":lication becomes infinite at certain Val

ues of Sf/Sw will be considered later_

The effects of dihedral 0 n the banking motion having
been discussed, t n e azimuth motion is to be considered.
Figure 3(a) indicates tnat the azimuth is not greatly af-
fected by dihedral, When Sf)Sw = 0.04 (cases 1, 4,

and 7), the e~fect of dihedral is to prevent the heading
from co nt t.nuo as Ly increasing adversely. The heading, how-
evel:'~lt)el:'ely a~~TmIJtotes a negative azimuth for increased
va.1u$s d.lb,e\1ra.'l., and this resulting motion cannot be
said to be fa'Tlorabl e. For all other cases the effect of
dihedral is insignificant.
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With regard to sideslipping, an inspection of figure
5(0.) indicates that increasing dihedral retards the rate of
increase of sideslip. This effect is large for small values
of vertical tail area. It:i.s importc.nt to note, however, t11'1t
increases in dihedral prevent siduslip onlJ a" the ax:pens0 of
opposing the banking illation. ]' 0 1' a gtven maneuver , performed by
increased aileron control, the s11e811p is nof red.uced bJ' increasos
in dihedral, as ind10at0(1. by figure I)(a).

Oi i-he whole, the mot~.ons ae initiated by a110ron
control Lnd.Lcate tL.at the effective d.1h'3dral ahou.Id be as sma.11
as will be "'Permitted by other or-Leer-rene For case8 in
which r ne d:l.hoclral cannot. bo made small, increasing vertical
tail area makes possibl0 compar-ab.Ie motions at the expense,
nowever , of increased control forces associated wi th large
dillodrFll angl.es

In the foregoing discussion, only the notions initiated.
by conventional aileron control. have been consf dered vii t} such
control, an adver-se Jawing momen» is applied. Thb e I.lmrnat.Lon
of this adverso yawing moment presents a poeaf.b.Le nJi3thod. )f Im
p.Y'uving the reS1;~l t Lng motions. Tho following d.iscuJsion therefore
conce'rns changes brOUght about by progressJ.ve changes in the rat i 0
Pr)./o from -0 13') to 0.13') Su.ch raUos are also ropresonta
tivelof those obte.Lne.tLe by simultaneous def'Lec taons of' both the
aileron s and ,- 1e rud..le r

F -,-{'UT;; 1 :i.llus+rates the improv01::.ents in the bankf.ng notions
effected by increases in CniC7.' The motions become more nearly
linear and. of greater magnitude. Tho inprovenBnt is greatest for
the smaller values of vertic al t a i I area considered. For instance,
when Cn/C,£ = -0.135 (fig. lea)), case 4 d.emonstrates that it is
impossible 10 have th0 airplane ina banked attitude when
s :: 8.25 (2.34 see) by moans of control of tho type aeaumed . This
same im.possibility is d.er+onstrated. by figure 2(a), which indicates
infinito centrol moments. Furthermore, the anglv of bank aft e r
2.34 seconds is negative although it is caused. by positive control.
An increase in Cn/C7, to 0 (fig. 1(0)) oxtonde thv time interval

during which the bank is positive. A further increase in Cn/C7..
to 0.135 entirely prevGnits any such erratic banking notion
(case 4, fig. l(c)). Case 7 is similarly affected.

Reproduced from
best available copy
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The foregoirg discussion of cases 4 and 7 (fig. 1)
Ln vo Lv.e e only %hemotions resulting from c o nt r o L auplied
instal1.taneou.sl,; at the start of the motion and held con-
stant thereafter. :B~' 'Varying correctly the ratio or magni-
tude of the appl~ed control mo~ents or both over a period
of ttrr~e, any maneuver can 'be performed. Xf the response
to a unit control ap~lication is erratic, however, any
variable control so e ompou nd e d of units over a period. of
time as to result in any predetermined motion is corres
pondingly erratic. Pecause of the unpredictable nature
of the response to control for such cases and because of
the iimits im"oosed by t.a.e pilot's s~ill, the ability to
r.erform the req~ired control manipulation for any maneu-
v e r i s t n erefor e que s t ion a b 1e . Th isstat ementis t X'lJ.e for
the nonlinear inherent motions of cases 4 end 7 where the
response to control application does :not a.pp ea.r to be pro
portional to control deflectioLs. ~irplanes having such
inh~rent late ..:al motions are there""ore to be a v o Ld e d ,

It wa s noticed during the computations of the various
mot :1. 0 n s t na t errat i c mot ionsoc cur w11enth e 0 s c ill a tor y
mode becomes G. large percentage of the tot a 1 motion, where
the total motion is the summation of its periodic an d
aperiodic modes. The amplitude of the oscillatory mode
associated with B~all values of Sf/B. is very large rela
tive to the ap e r t o d t c mo d.s s , Increases in Sf/Sw decrease
the amplitu.de of the oscillatory mode and increase the
magnitucle of the ap e r t o d i,c mode, This effect is large for
small values of Sr/Sw and decreases as Sf/Sw increases.
Simultaneo"lls1J witn decreases in amplitude, tho n e r Lo d of
the oscillation decreases and the damping with respect to
time increases. ~he damping with respect to cycles, how
ever, decreases.

Damp i ng i n t e r m s 0 f c y c 1e s 0 f the 1ate r a los c i 11 a t ion
cannot be considered indicative of the lateral flying char-
act e r i s tic s 0 :B e c au s e i tis t 11 e tot all ate r aim 0 t ion t ha t
denonstrates flying qualities and because the total- motion
is the aumma t Lo n of mo d e s both p e r Lo d tc and aperiodic in
nat u r e , the rat i 0 0 f the magnitu des 0 f the per i 0 d i can d
the aperiodic modes must be kept small for fa"vorable fly
ing characteristics, This relation is accomplished when
the period of the lateral oscillation is very short {of
the order of 3 sec for the hypothetical airplane).
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The effect of increasing On/01, on the amount of
control n ec e s sa ry to perform given 1?ank maneuvers is shown
in figure 2, It will be noted that, the control moments of
figure 2(a) become infinite at the low values of Sf/Sw

that correspond to impossible bank maneuvers, as pointed
out previously. Wheree.s inereasing 0n/Ot to 0 effects

im~rovements in the curves, a further inc~ease to 0.135
e nt irelye1 i mi na tea t i::<. e dis con tin u i t Y 0 f the curv esin the
range covered.. It should be noted that the effects of
variations of vertical tail. area and dihedral are decreased
by inc rea s e sin enIe 7,'

The c 0 a t r 0 I for c e s be i ng pro p 0 r t ion a Ito the con t r 0 I
moments a-PTJlied. to t.(18 airylane, figure 2 also indicates
a variation of control forces. The control forces are
therefore decreased by La c r e a s e s in vertical tail area and
by decreases in d Lh e d ra L, Although increasing Cn/O],

in.dicates a decrease :1.n applied rolling moment, the ~,:P

plied yawing moment, wh sn 0 bt.a ined by mechanically GOU

pIing the ailerons ana tne rudder in proportion to Cn/O t ,
must be considered in determining the control forces.
Thus the c na ng e s 11 control. forces are not; necessarily pro
p o rvb Lcua L to the c za ng e s In rolling moment caused by in
creasing Cn/O'/, (fig. 2).

The effects of On/07, 011 the azimuth notion may be

determined from figure 3. r Increasing On/C7, from -0.135

to 0.135 progressively produces better d e f Ln e d motions.
Simultaneous ap~licatiol of sufficient favorable yawing
moment with bh.s rolling moment (fig. 3(c» entirely elim-
inates anJ adverse heading.

It should also be noted that t h e change in heading
during tae interval of tine (of the order of 2 sec) im
IDediatel~ following the a~plication of control remains
small for relatively large vertical tail areas in figures
3(a) and 3(0) and for all vertical. tnil areas in figure
3( c). On the other hand, t n e banking motions (fig. 1)
rapidly become large. Thus it is possible to perform a
relatively rapid bank maneuver with the ailerons withou.t
appreciably changing the heading. Such a maneuver, for
instance, is desirable for correcting: a banked attitude
while landing,

duced hom
Repro 0\ ble copy
be.sl aval a
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Figlre 4(~) is a cross plot of 9igure 3, showing the
va r La t Lo n of max irnum a d v e r s e hencting with vertical tail
area. Only one va Lu e of d Lhe d r a I is considered because
o f til e srna Ii. e f f e c t s 0 f d Ln e d.r 0.1. Fig u r e 4 ( a) i n d i cat e s
that adverse heading is entirely eliminated by applying
control in the ratio enlCt > 0.129 regardless of the
v a Lu e of Sr/Swo ];or p a r t r cu La r va Lue s of Sr,'Sw, no w

ever, t h e r e exist particular values of' Cn/C1, that pre
vent any a d v e r s e heading. This va r t a t t o n of Cn / C 1, with

Sf / Sw is det e r-n.Lne d by elL11.at io n (11) a nd i e shown on
figure 4( b). It is ;,.dicated t na t t n.e s e op t Lmum values
of crjc 1, are cec:ceflsed as sf/sw increases and as r
b e o ome s J,.,a rt e.

'1.'.I:"e effect of c han g e s in the control ratio Cn/C1, on

the sideslipping motions may be determined from figure 5.
Increasing' On/Ct from -0.135 to O.l~5 progressively re-
tards the rate of increase of sideslip for all combina
tiO.\lfJ of t re T.'areweters c on s t d e r-ed , It is indtcateo. that,
with s.ma L" va Lu e e of Sf/Sw' large a:ngles of s Ld e s Lf.p a r e

li;.r.ely to exL,Jt durin€, lateral maneuvers performed by con
ve~tio~al ailerOT c0ntrol.

tat e r a L Mot ions Due to Applied Yawing Mcment

The effects of ch.a ng e s in d Lh e d r-a I and vertical tail
area on the lateral motions resultinf, from ap» ... ied yawing
mo merrt , su c h as migut be obtained b~T rudder deflections,
are t nd Lca t.e d i1' figure o , In general, it should be
rioted. tnat all the lateral motions of figure 6, determined
by equations (12), (13), and (14), are erratic, indicating
IIs1ofPy·1I man euv e r t n g if an attempt is made to alter the
f light path by means 0 f the rudder.

Fig'J.re 6(a) Lnd Lca t e s that increasing vertical tail
ar e a decrees est h e magnitude 0 f t n s banking motions and
t n e r e by increases the magnitude of the applied yawing mo
ment necessary for y,.erforrning a given bank maneuver. In
creasing v e r t Lc a L tail, area also produces motions that
d e v i ate g rea t I y fro m a lin ear v a ria t ion nit h tim e . :if i gu;r e
6(a) also indicates tnat increasing dihedral increases the
magnitude of the b".l.11king rco t Lo n a and causes a more linear
increase of bank angle with time. Figure 6(b) shows that
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the magnitude of the azimuth ~otio~ is decreased by in-
creases in V8J."t ical t-a t a area. Azim1J.th notions that vanT

irregularly with time axe also produced~ Increasing di-
h e d r a I (f i g . 6 ( b») he. s s rna 11 e f f e c t son the a z i mut h reo t ion.
the character of the motion being d e f Ln ed essentially by
vertical tail area.

Very often if is desired to c ..... a ng e the heading with
out app r e c t a b Lj altering the angle of bar-k, as W:1en the
airplane is being alined with a runway. This mane~ver 1.
usually a c c orap Li sn-ed by means of the riJ.d.der~ and the ef
fectiveness of tue rudder for this purpose may be obtained
from figures o(a) and i)( b). The r ud.de r becomes more ef
fective as t~e ratio of the azimuth notion to the banking
motion becomes large. Dividing '\lJ1 Cn -D~r ¢/Cn at the

i:cstant when s == 5 s ho w a , a pp r o x t.ma t e Ly , a ver t a t Io n in
the ratio from 3.75 to 1.75 with decreases in d~hedral

from 10° to 0° and, little or no vs r t a t Lo n with changes in
vertical. tail area in the range covered, Tl1e same varia
tion, a Lt ho ugh of different ms g n t t.ud e , exists when s == 10.
It is therefore imyortant. for t n t s maneuver, that tbe di
hedral angle be ~ept s~all.

The sides1i~ as shown by figure b(C) is negative
(that is, t£J.e a i r p La n e skids) i.nxued.iately following the
apy,.lic[,tion of positive yawing moment and becomes p o s r t i v e
only after an a1J"freCiable interval of tfme, 'Ghat is, a:p-
p r o x t mn t e Ly 4 s e c o n d s or more. The effect of increasing
vertical tail area is to decrease the magnitude of the
skid. TJ..le sideslip d'u r Lng a given maneuver, however, is
not ap;reciably a1te~ed because a correspondingly in
creased. yawing moment must be 8.:pr1ied in order to perform
SIIcn a maneuve r ,

! ncr e as i ng d i h e d r a 1 (f 1. g • 5 ( c) inc rea s est h e err a tic
nature of the sideslirping motion and reduces its magni
tude,

Tne motions d.u e to apIlied Yawing mome n t as a whole
indicate that virtually no combination of vertical tail
area and dihedral in the range covered allows well-executed
lateral maneu.vers with the rudder, One exception, however,
is a maneuver involving intentional sideslipping, for which
th.e rudder is an effective control, psrticularly with small
dinedra1. For maneuvering, then, the principal uses of the
rudder are to enforce sideslip and to supply secondary as
sis%ance during aileron-controlled maneuversG
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CONCl/US I~HS

The results of t"J.is theo r e t Lca I analysis may be aummad
up in the following co~clusions:

1. T~le :crot:'ons initiated by aileron control indicated
t~at d£sirable flying Qualities are as!ociated w4th con-
s i d e ra c Le vertical tat? area. SUJ.pleroentar~ control by
means of the ruAder oc ailerons with thherent favorable
yawin6 iroment of the order cf one- eighth the rolling mo
me~t allows ~ red C~iOL in vertical tail area.

2. When t n e airplane is controlled p r edoa t na n t Iy by
t r e ailerons, the cff'i.H!tivo d i n ed ..a L al.o uLd be as small
8S wiL.. be -.:ormitted Jr o t n e r c r r t e r to ne , 11.ile-"on control
f o r c e s rr.ay 00 S ab s t a at La Ll.y r e duc e d b;r increasi ag vertical
t a i I area :rr '"n t n e d i'" e c t i 0 l'..a 1 s tab il it;y issma1 L

3. Ruc d e r control alone is unsatisfactory for obt.a Ln
411g sa t t s r ac t.o rv La t e r a L ma n e u v e r' a t na t involve oanking
and c'''8:o,gi1h of cov r s e., T~.e pri"cipa' uses of t n e r'.1dder
are to enforce sic"f3s1ir and to slIJ.leL:ler.t the ailerons
a nd , f'o r t.i.is cv"ditior, d Lr.e d a-a I. s ho u Ld be ke~9t sraa LI ,

4'1 ~Et~;'i,Iing of t~;oe lateral oscillation with r e s o e c t
to cy c r e s s~"ould r.o t be co c s Ld e r e-d ind.icative of lateral
f'lyi!lE:> c ha r ac t e r-I si;ies.

5. For f'a vo r-a b.ce La t e r a L flying characteristics,
t h e ....atio 0'" t n e ma g n i t ud e s of the "gericdic to the aperi
odic modes of the lateral mo t i o n mus t be Js:ept small. This
relatior is 8rparently accoDulisheo when the period of the
lateral oscillation is very sn o r t (of the order of 3 s e.c
for t~e nypothetical airplane).

Langley lemorial Aeronautical Laboratory,
Iratlonal AJ.visor·y Oomm i t t e e -Lor Aeronautics.

Lang le;;r P ield, Va.•
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